Abstract: This paper outlines dynamics of near-surface hydrothermal processes and analyzes the characteristics of moisture distribution during the freeze
Introduction
In this paper, the distribution of soil moisture in sloping black soil farmland during freeze-thaw cycles in Northeastern China is discussed. Soil moisture has great impacts on food security, human CMADS has been used successfully in different basins, such as the Heihe River Basin, Juntanghu Basin, Manas River Basin, and Han River Basin, indicating good applicability of CMADS in East Asia [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . However, the relative studies mainly focused on the surface hydrological process and meteorological data, whereas the application of the CMADS-ST to soil temperature and soil moisture distribution has been rarely studied, especially in the black soil zone [51] [52] [53] [54] .
In this background, it is necessary to compare and verify the applicability of the reanalysis datasets of CMADS-ST. Therefore, the aims of this paper are:
(1) To analyze the relationship between the reanalysis datasets of CMADS-ST and the observed values; (2) to study the characteristics of moisture distribution during the freeze-thaw period; and (3) to identify the effects of soil temperature on the moisture distribution in the black soil zone. Map of the observation point locations and site case diagram, Heilongjiang Province, Northeastern China. Light gray indicates the northeast black soil zone and dark gray indicates the typical northeast black soil zone. Site 1-corn is grown in summer, snow cover in winter, shady slope and sunny slope obvious, early spring snowmelt. Site 2-using the level gauge to measure the height of black soil slope farmland after autumn harvest, buried soil temperature sensor and soil moisture sensor, snow in winter, black soil sampling.
Materials and Methods

Experimental Site
The climate of the research zone is continental monsoon and cold temperate. The multi-year mean annual air temperature is 5.6 • C, the lowest monthly average temperature is −15.8 • C, and the mean annual precipitation is 423 mm. In the region of seasonally frozen ground, precipitation mainly occurs from May to September each year, with less precipitation occurring during late autumn, winter, and early spring. Four meteorological seasons occur during the year: spring, summer, autumn, and winter. The summer season is hot and rainy, and the winter season is cold and long. Planting occurs during the spring season in the middle of May, and crops are harvested during the autumn in early October. Crops are planted each year in monoculture using ridge tillage, and the main crop grown in the region is corn. The area consists of sloping black soil farmlands in the region of moderately deep seasonal frozen ground of Northeastern China. The average depth of the seasonal frozen ground between the years 1949 and 2010 was 1.95 ± 0.25 m at the site.
Experiment and Data Collection
Site 1: After the autumn harvest in 2011, soil temperature and moisture sensors were buried at depths of 1, 5, 10, and 15 cm in sunny slope black soil farmland, and at depths of 1, 5, and 10 cm in shady slope black soil farmland during the freeze-thaw periods. After the autumn harvest in 2013, the level was used to measure the height, the distance of the measuring tape is the slope distance, and then the slope of the slope farmland was calculated. Site 2: The soil temperature and moisture sensors were buried at depths of 1, 5, 10, and 15 cm in slope black soil farmland at a distance of 100 m from the bottom of the slope during the freeze-thaw periods. We observed the soil moisture content and temperature at various depths during the freeze-thaw period for the plots containing black soils in the region of seasonally frozen ground at sites 1 and 2. Precautions were taken during the installation of sensors used in the field, especially for the problem of soil temperature and the direction in which the soil moisture sensor was buried. For sites 1 and 2, firstly, pits were dug to a depth of 60 cm and a diameter of about 40 cm in the black soil slope farmland after the autumn harvest. When installing the soil temperature and soil moisture sensors, special attention was paid to the direction of burial. The direction of the sensor probe was toward the top of the slope. The soil temperature and soil moisture sensor were aligned parallel to the slope. The depth of the sloping farmland from the surface of the sloping farmland was measured with a steel tape measure. Finally, the soil from the pit was backfilled into the pit of the embedded instrument, and the compaction was made to be as close as possible to the original surface. The soil moisture and soil temperature sensor probes were oriented in the direction of the top of the slope to prevent disturbance of the excavation and to prevent the soil moisture from collecting, as the disturbance would affect the monitoring of soil moisture content.
Site 1: we collected data on the soil temperature and volumetric soil moisture content from November 2011 to April 2012 at depths of 1, 5, 10, and 15 cm in sunny slope black soil farmland, and at depths of 1, 5, and 10 cm in shady slope black soil farmland.
Site 2: Soil samples were collected from the 168 m long sloping black soil field at locations 10, 50, 100, and 150 m from the bottom of the slope for testing and analysis. During the freeze-thaw periods, including the pre-freezing period, freezing period, early freeze-thaw period, mid freeze-thaw period, late freeze-thaw period, and post-thawing period, surface-soil samples were taken from the sloping black soil farmland at depths of 0-1 cm, 1-5 cm, and 5-10 cm at the same location. The soil samples were tested to obtain mass soil moisture content (different from the volumetric soil moisture content obtained from Site 1), soil ammonia nitrogen content, and soil available phosphorus content. This paper only studies the distribution of soil moisture content; the distribution of soil ammonia nitrogen and soil available phosphorus are studied separately. At Site 2, soil layering temperature data were collected at hourly intervals on the day of sampling. The soil temperature layering depths were 1, 5, 10, and 15 cm, respectively. Site 2 sampling points, in the pre-freezing period, were at distances of 10, 50, 100, and 150 m from the bottom of the slope, and sampling from the surface of the black soil slope farmland was performed every 5 cm to 50 cm depth. An aluminum box was used to collect the marked soil. The soil samples were weighed and dried in the laboratory to obtain the soil bulk density.
We used high-resolution time series data from the CMADS-ST to conduct spatial-and temporal-scale analyses of meteorological data. We investigated the collection of the CMADS soil temperature and precipitation data with the test monitoring location close to the coordinates of the points, and the time synchronization of data. The moisture in the plow layer of black soils is significantly different at different depths during the freeze-thaw process depending on precipitation and soil temperature. Figure 2 shows the soil moisture contents and soil temperature scatter diagrams that were observed at various depths during the 2011-2012 freeze-thaw period, including at the sunny slope depths of 1, 5, 10, and 15 cm and the shady slope depths of 1, 5, and 10 cm. The observation dates were from 20 November 2011 to18 April 2012. The daily volumetric soil moisture contents and soil temperatures were measured at experimental Site 1. The distribution of soil temperature and soil moisture was measured within the black soil plow layer during the freeze-thaw process. The soil temperature and moisture data were obtained from typical moderately deep seasonally frozen ground. This was an experimental observation field setup shown in Figure 2 . Soil temperature changes affect the variations of soil moisture contents in seasonally frozen ground regions with black topsoil during soil freezing and thawing period. This shows that the soils under the plow layer in moderately deep seasonally frozen regions of black soil are usually subjected to a freeze-thaw period of approximately five months. Figure 2 shows the distribution of the soil moisture contents and soil temperature at depths of 1, 5, 10, and 15 cm in the sunny slope black soil farmland and at depths of 1, 5, and 10 cm in the shady slope black soil farmland during the freeze-thaw period. The abscissa is always the same time of the freeze-thaw period from 20 November 2011 to18 April 2012.The left side of the ordinate Y-axis represents the soil temperature, and the temperature scale range is different at different depths. The right side of the ordinate Y-axis represents the soil moisture content, and the soil moisture content scale range is also different at different depths. Solid black squares, solid red circles, solid green up triangles, and solid blue down triangles represent soil moisture at depths of 1, 5, 10, and 15 cm, respectively. Open symbols represent soil temperature, and different symbol colors represent soil moisture content at different depths of soil temperature. It was found that the scatter patterns of soil moisture content and soil temperature are similar in the same freeze-thaw cycle period, at different depths. Figure 4 shows changes in the soil moisture contents in the plow layer of black soils with temperature during a period of freeze-thaw cycles in an area of seasonal frozen ground. This figure shows that the moisture in the plow layer of black soils is significantly different at different depths during the freeze-thaw process depending on precipitation and soil temperature. Figure 4 shows the relationships between precipitation and soil moisture contents at different depths during the freeze-thaw period. Precipitation data were obtained from the CMADS data-sharing website (http://www.cmads.org). The surface temperatures of the black soils at different depths (1, 5, and 10 cm) were measured at the experimental observation Site 1.
Results
Observed Soil Moisture and Soil Temperature Values
During the winter, precipitation occurs in the form of snowfall. The black sagging histogram in Figure 4 shows the precipitation in the study area. During the freeze-thaw period from20 November 2011 to18 April 2012, the daily maximum snowfall was 12 mm snow water equivalent. The total precipitation during the freeze-thaw period accounted for 17.3% of the annual amount (10 April 2011-10 April 2012). 
The Relationship between Soil Moisture and Soil Temperature
The relationship between soil temperature and soil moisture content in sloping black soil farmland during the freeze-thaw period is shown in Figure 5 . Figure 5A ,B shows a comparison of Gaussian and linear fits of soil moisture content and temperature during the freeze-thaw periods in sun slope black soil farmland and shady slope black soil farmland, respectively.
As shown in Figure 5A , the linear fit for soil moisture content and temperature at depths of 1, 5, 10, and 15 cm in sunny slope black soil farmland during the freeze-thaw periods has coefficients of determination (R 2 ) of 0.826, 0.671, 0.922, and 0.932, respectively. The Gaussian fit for soil moisture content and temperature at depths of 1, 5, 10, and 15 cm have R 2 values of 0.880, 0.705, 0.968, and 0.968, respectively.
In Figure 5B , the linear fit for soil moisture content and temperature at depths of 1, 5, and 10 cm in shady slope black soil farmland during the freeze-thaw periods has R 2 values of 0.465, 0.871, and 0.827, respectively. The Gaussian fit for soil moisture content and temperature at depths of 1, 5, and 10 cm has R 2 values of 0.513, 0.942, and 0.954, respectively.
It is therefore found that the soil moisture content and soil temperature fit line is consistent with a Gaussian distribution rather than a linear distribution during the freeze-thaw period.
Soil Moisture Distribution in Freeze-Thaw Period
The relationship between soil moisture content and time during the freeze-thaw period in sloping black soil farmland is considered. The distribution of soil moisture content in the sunny and shady slope black soil farmland during the freeze-thaw periods is shown in Figure 6 . Figure 6A shows a Gaussian fit of soil moisture content and time in sunny slope black soil farmland during the freeze-thaw periods. Figure 6B shows the same as Figure 6A but for the shady slope.
A comparison of curve-fitting parameters of the distributions of soil moisture content is shown in Table 1 . Table 1 show that the soil moisture content and time obeys a Gaussian fit at depths of 1, 5, 10, and 15 cm in sunny slope black soil farmland during the freeze-thaw periods, with R 2 values of 0.835, 0.788, 0.948, and 0.910, respectively. The soil moisture content and time obeys a Gaussian fit at depths of 1, 5, and 10 cm in shady slope black soil farmland during the freeze-thaw periods, with R 2 values of 0.558, 0.867, and 0.954, respectively. Therefore, the soil moisture content and time with temperature are in accordance with a Gaussian distribution during the freeze-thaw period. 
Analysis and Discussion
The soil moisture content and soil temperature or time fit line is in accordance with a Gaussian distribution during the freeze-thaw period. In this verification, soil samples were collected from Site 2, which is a 168 m long sloping black soil field, at distances of 10, 50, 100, and 150 m from the bottom of the slope for testing and analysis. During the freeze-thaw periods, surface-soil samples were taken from the sloping black soil farmland at depths of 0-1 cm, 1-5 cm, and 5-10 cm at the same location. At the Site 2 sampling point, in the pre-freezing period, at depths of 10, 50, 100, and 150 m from the bottom of the slope, sampling from the surface of the black soil slope farmland was conducted every 5 to 50 cm depth, and an aluminum box was used to collect the marked soil. In the laboratory, the soil samples were weighed and dried to obtain a soil bulk density measurement chart, as shown in Figure 7 . 
Freeze-Thaw Periods Divided into Six Periods
The freeze-thaw periods are abbreviated by F-T. The natural freeze-thaw cycle from late autumn to winter and early spring was divided into six periods: The pre-freezing period (F-T p ), freezing period (F-T f ), early freeze-thaw period (F-T e ), mid freeze-thaw period (F-T m ), late freeze-thaw period (F-T l ), and post-thawing period (F-T po ); which is a function of temperature related (f(t)).
These observations are presented in Table 2 temperature for n freeze-thaw periods (F-T n ), n = 1,2,3,4,5,6, for the observational study. Taking November 2013-April 2014 as an example, the freeze-thaw period is divided into six periods of different air temperatures and different depths of soil temperature. A schematic is shown in Figure 8 . Table 2 . Freeze-thaw periods divided into six periods. Notes: The freeze-thaw periods are abbreviated by F-T, which is a function of temperature related (f(t)); F-T n = f(t), n = 1,2,3,4,5,6; >is more than, < is less than, ≈ is about equal, ↓↑ is up and down fluctuating; t is short for temperature, including air temperature and soil temperature, t a is short for air temperature, and t s is short for soil temperature.
Figure 8.
Temperatures on the day of sampling at different depths. Freeze-thaw periods are divided into six periods, including the pre-freezing period (F-T p ), freezing period (F-T f ), early freeze-thaw period (F-T e ), mid freeze-thaw period (F-T m ), late freeze-thaw period (F-T l ), and post-thawing period (F-T po ), according to the soil temperature. Figure 8 shows the temperatures on the day of sampling at different depths. Time is the x-coordinate, from 00:00 to 23:00 per hour. Temperature is the y-coordinate, including the soil temperature at depths of 1, 5, 10, and 15 cm and the air temperature 50 cm above the ground. The soil moisture contents at the same locations during different periods were tested at depths of 1, 5, and 10 cm, respectively. Sampling was taken at different depths in the different freeze-thaw 
Changes of Soil Moisture Content in Freeze-Thawing Period
Soil samples were collected at depths of 0-1 cm, 1-5 cm, and 5-10 cm, and at distances of 10 m, 50 m, 100 m, and 150 m from the bottom of the sloping black soil farmland in six different periods in time according to the temperature, F-T n , n = 1,2,3,4,5,6.The soil moisture contents at the same locations during different periods were tested at depths of 0-1 cm, 1-5 cm, and 5-10 cm, respectively. Sampling was performed at different depths in the different freeze-thaw periods including F-T p , F-T f , F-T e , F-T m , F-T l , and F-T po , according to the soil temperature.
Plots of Soil Moisture Contents at the Same Depth
Soil moisture contents at the same depth (0-1 cm, 1-5 cm, 5-10 cm) during different freeze-thaw periods are shown in Figure 9 . Figure 9 shows soil moisture contents at the same depths during different freeze-thaw periods. The figure shows fitted curves plot of the black solid, red dashed, green dotted, and blue dashed and dotted lines, which respectively correspond to soil moisture contents at distances of 10, 50, 100, and 150 m away from the bottom to the base of the 168 m long sloping black soil land sampling point.
The soil moisture content is influenced by the initial soil moisture content before freezing and snowmelt [11, 12, 20, 23, 30, 42] in the freeze-thaw period. The soil moisture content decreased slightly after the soil from a depth of 0-1 cm was thawed and increased at depths of 1-5 cm and 5-10 cm compared with the soil moisture content during F-T p . The maximum soil moisture content at depths of 0-1 cm and 1-5 cm was reached during F-T e (t a > 0 • C at daytime, 1 cm depth t s > 0 • C at noon; t a < 0 • C at night, 1 cm depth t s < 0°C in the morning and at night) due to snowmelt and decreased as the snow melted more with time and temperature. Additionally, the soil moisture content at depths of 0-1 cm, 1-5 cm, and 5-10 cm during F-T po was less than that during F-T l but greater than that during F-T p . Due to the melting of snow in F-T e , the surface soil moisture content is significantly increased in the F-T e compared to F-T f , so the soil moisture content fit line is in accordance with Gaussian distribution during the six freeze-thaw periods. The fitted soil moisture content curves conform to Gaussian distributions at the same depths of 0-1 cm, 1-5 cm, and 5-10 cm at different locations in the six freeze-thaw periods. At the same location 10 m away from the bottom of the 168 m long sloping black soil land sampling point, and at depths of 0-1 cm, 1-5 cm, and 5-10 cm, the soil moisture content, increased slightly for a while, then increased and finally decreased during the six different periods according to the temperature.
Soil Moisture Contents Measured at the Same Location
The fitted soil moisture content curves conform to Gaussian distributions at the same location at different depths in the six freeze-thaw periods. From 150 m away from the bottom of the 168 m long sloping black soil land sampling point, 100 m away from the bottom, 50 m away from the bottom, to 10 m away from the bottom, the soil moisture contents gradually increased at depths of 0-1 cm, 1-5 cm, and 5-10 cm during the six freeze-thaw periods. That is to say, in the sloping black soil farmland during the freeze-thaw periods, the soil moisture contents gradually increased from the top to the bottom.
Verification Analysis of Soil Moisture Contents Distribution
The fitted soil moisture content curves are shown in Figures 9 and 10 , whether it is at the same depth different locations in the six freeze-thaw periods or at the same location different depths in the six freeze-thaw periods. The soil moisture content increased slightly for a while from F-T p to F-T f , then increased from F-T f to F-T e . The maximum soil moisture contents occurred during the F-T e period, decreased gradually from F-T m to F-T l , and finally decreased during the six different periods according to the temperature. The soil moisture contents at depths of 0-1 cm, 1-5 cm, and 5-10 cm during F-T po were lower than those during F-T l but greater than that during F-T p .
The soil moisture content increased and then decreased during the six time periods according to the temperature, and the fitted curves follow a Gaussian distribution.
The soil moisture content y follow a Gaussian distribution during the six freeze-thaw periods (F-T) n according to the temperature, as follows:
where y 0 , A, w, and (F-T) c are parameters. A > 0; soil moisture content offset: y 0 ; the y max corresponds to center: (F-T) c ; soil moisture content variation with time width: w; temperature area: A. Table 3 shows the curve-fitting of the soil moisture content at distances of 10, 50, 100, and 150 m at depths of 0-1 cm, 1-5 cm, and 5-10 cm, respectively.
At the location 10 m away from the bottom of the 168 m long sloping black soil land sampling point, at depths of 0-1 cm, 1-5 cm, and 5-10 cm during the freeze-thaw period change in six different periods, the Gaussian distribution, when considering the reduced chi-squared statistic, is found to be with average standard deviations of 2.54, 2.31, and 17.79, respectively. The R 2 values of 0.905, 0.921, and 0.499 and Prob > F values of 0.0012, 0.001, and 0.0071, respectively, were observed. Prob > F means Probability, less than 0.05 means significant. Additionally, a similar Gaussian distribution was found at the locations 50, 100, and 150 m away from the bottom, at depths of 0-1 cm, 1-5 cm, and 5-10 cm during the freeze-thaw period change in six different periods. Table 3 shows that the soil moisture contents in the plow layer of black soils at depths of 0-1 cm, 1-5 cm, and 5-10 cm, and at locations 10, 50, 100, and 150 m away from the bottom during the freeze-thaw period, change in six different periods (F-T p , F-T f , F-T e , F-T m , F-T l , and F-T po ) and following a Gaussian distribution.
Often, only the conditions before and after the freeze-thaw cycles are considered [2] [3] [4] . As the data are not fine enough, the daily freeze-thaw cycle is missed every day during the daily data interval. However, the freeze-thaw period can be separated into six periods in time according to the temperature (air and soil): F-T p , F-T f , F-T e , F-T m , F-T l , and F-T po . It is necessary to understand how the soil moisture contents change during the periods between before and after freeze-thaw cycles. Obtaining the soil moisture contents during these periods and understanding the causes of their variations is necessary.
For the results of soil moisture content distribution during the freeze-thaw period in November 2011-April 2012, the soil sample test data of wild slope farmland during the freeze-thaw period from November 2013-April 2014 were used for verification. According to the freeze-thaw cycle, periods F-T p , F-T f , F-T e , F-T m , F-T l , and F-T po , according to the temperature, stratified sampling the soil moisture contents at different locations of 10, 50, 100, and 150 m away from the bottom, respectively. The result is that the soil moisture content at depths of 0-1 cm, 1-5 cm, and 5-10 cm is in accordance with a Gaussian function type distribution. The Gaussian R 2 values are 0.742 average soil moisture content at different locations and at different depths. Additionally, from November 2011 to April 2012 in freeze-thaw periods, according to the temperature monitoring of soil moisture sensor, results showed a similar distribution with the Gaussian, and R 2 values are 0.837 average of sun and shady soil moisture content at different depths. Table 3 . Curve-fitting parameters of the soil moisture content. In the early spring, when the temperature rises and the snow melts [11, 12, 20, 23, 27, 30, 42] , water infiltrates into the soil moisture, the shallow soil moisture increases, the bottom soil freezes and does not melt, and the soil moisture in the freeze-thaw cycle shows a Gaussian distribution, which is consistent with the natural phenomenon of peak soil moisture content.
Model
Soil Temperature Observed Value Associated with the CMADS-ST Analysis
Soil temperature data monitored at Site 1 is a group of every 1 h, divided into four layers (sunny slope) or three layers (shady slope), the time scale from November 2011 to mid-April 2012. We averaged the ground temperature of four daily time periods, namely, 02:00, 08:00, 14:00, and 20:00. The temperature of these four time periods was added and then divided by four. The average daily soil temperature for different layers can be derived. We selected CMADS-ST data of the top five layers The soil temperature data of the sunny slope is more correlated with CMADS-ST, which coincides with the selection of the sunny slope in the wild slope farmland as the test Site 2. The monitored hourly data can be found in the freeze-thaw cycle with the time of day, melting during the day, and freezing at night (refer to Figure 3 , the sunny slope soil experienced 39 freeze-thaw cycles, and the shady slope soil 47 cycles); however, the data period is short and the monitoring points are limited; CMADS-ST daily data can only see a large freeze-thaw cycle in the winter of the yearly cycle (refer to Figure 12) ; however, CMADS has a lot of spatiotemporal data, applied to a wide range of areas with a long series [11, 31, 33, [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] .Using fixed-point monitoring of refined soil temperature, soil moisture content, precipitation, temperature, nitrogen and phosphorus of nutrients, spatiotemporal CMADS data can be better promoted and applied.
Conclusions
This study, which investigated the distribution of soil moisture contents in the surface black soils of seasonal frozen grounds during freeze-thaw periods, lays a foundation for protecting the water resources downstream instead of water carrying soil into the water and the soil resources of sloping black soil farmlands. The soil moisture content in the black soil plow layer changed with temperature during a freeze-thaw period in an area with seasonally frozen grounds.
It was found that the soil moisture content and soil temperature fit line is consistent with Gaussian distribution during the freeze-thaw period. The soil moisture content and time with temperature are in accordance with Gaussian distribution during the freeze-thaw period. This is consistent with the natural phenomenon, that is, the surface soil moisture content in the early spring will peak, whereas in the seasonal frozen ground zone, the temperature increases, the snow melts, the soil surface melts, and the bottom layer freezes.
In this paper, the natural freeze-thaw cycle from late autumn to winter and early spring was divided into six periods according to the temperature: The pre-freezing period (F-T p ), freezing period (F-T f ), early freeze-thaw period (F-T e ), mid freeze-thaw period (F-T m ), late freeze-thaw period (F-T l ), and post-thawing period (F-T po ). According to the soil temperature in the six time periods during the different freeze-thaw periods, it was verified that the soil moisture contents followed a Gaussian distribution at different depths. The maximum surface soil moisture content was reached during the F-T e period, due to air temperature being more than 0 • C at daytime, surface soil temperature more than 0 • C, and deep soil temperature less than 0 • C at noon, and air temperature less than 0 • C at night, surface soil temperature less than0 • C in the morning and at night, start melting snow, which is consistent with the natural phenomenon of early spring peak soil moisture content under temperature rise and snow melt. The soil moisture contents gradually increased from the top to the bottom in sloping black soil farmland during the freeze-thaw period.
The used measurements and analyticalmethods are somewhat valuable as a result of difficult implementation due to the high latitude and freezing climate. These results suggest that further research is necessary on the use of spatiotemporal data CMADS-ST and precipitation datasets of the northeast black soil area for the freeze-thaw cycle prediction of soil moisture content change trend. Based on the relationship between soil temperature and soil moisture content, we can use CMADS-ST data to predict and analyze soil moisture changes in large areas (black soil areas) rather than at several points during freezing and thawing cycles. This study has important significance for decision-making for protecting water and soil environments in black soil slope farmland.
